Nearly half the exoplanets found within binary star systems reside 1 in very wide binaries with average stellar separations greater than 1,000 astronomical units (one astronomical unit (AU) being the Earth-Sun distance), yet the influence of such distant binary companions on planetary evolution remains largely unstudied. Unlike their tighter counterparts, the stellar orbits of wide binaries continually change under the influence of the Milky Way's tidal field and impulses from other passing stars. Here we report numerical simulations demonstrating that the variable nature of wide binary star orbits dramatically reshapes the planetary systems they host, typically billions of years after formation. Contrary to previous understanding 2 , wide binary companions may often strongly perturb planetary systems, triggering planetary ejections and increasing the orbital eccentricities of surviving planets. Although hitherto not recognized, orbits of giant exoplanets within wide binaries are statistically more eccentric than those around isolated stars. Both eccentricity distributions are well reproduced when we assume that isolated stars and wide binaries host similar planetary systems whose outermost giant planets are scattered beyond about 10 AU from their parent stars by early internal instabilities. Consequently, our results suggest that although wide binaries eventually remove the most distant planets from many planetary systems, most isolated giant exoplanet systems harbour additional distant, still undetected planets.
Unlike binary stars with separations below ,10 3 AU, very widely separated binaries ('wide binaries') are only weakly bound by selfgravity, leaving them susceptible to outside perturbations. As a result, the Milky Way's tide and impulses from other passing stars strongly perturb wide-binary orbits 3, 4 . These perturbations, which are fairly independent of the orbiting object's mass, are also known to dramatically affect the dynamics of Solar System comets at similar orbital distances 5,6 . Galactic perturbations drive a pseudo-random walk in the pericentres of these comets (the closest approach distances to the Sun) 5, 7 . The same effect will occur in wide-binary orbits. Thus, even if a very wide binary's initial pericentre is quite large, it will inevitably become very small at some point if it remains gravitationally bound and evolves long enough. Such low-pericentre phases will produce close stellar passages between binary members, with potentially devastating consequences for planetary systems in these binaries 8, 9 . Counterintuitively, we therefore suspect that wide binary companions could more dramatically affect planetary system evolution than tight binaries.
To investigate this scenario, we use the Mercury simulation package to perform 2,600 simulations modelling the orbital evolution of our Sun's four giant planets (on their current orbits) in the presence of a very wide binary companion 10 . These simulations are listed as set A in Table 1 , which briefly summarizes the initial conditions of our different simulations (see Supplementary Information for details). An example simulation is shown in Fig. 1 . Initially, the binary companion has no effect on the planets' dynamics because its starting pericentre (q; solid black line in Fig. 1 ) is ,3,000 AU. However, after 1 Gyr of evolution, Galactic perturbations drive the binary pericentre near 100 AU, exciting the eccentricities of Neptune and Uranus. Once again, at 3.5 Gyr, the binary passes through another low-pericentre phase, this time triggering the ejection of Uranus. Last, at 7.2 Gyr, the binary makes a final excursion to low q, causing Neptune's ejection.
Such behaviour is not unusual. Depending on the binary's mass and semimajor axis (mean separation, or a * ), Fig. 2a demonstrates that ,30-60% of planetary systems in simulation set A experience instabilities causing one or more planetary ejections after 10 Gyr (the approximate age of our Galaxy's thin disk). Even though binaries with smaller semimajor axes are less affected by Galactic perturbations, Fig. 2a shows that the influence of binary semimajor axis on planetary instability rates is weak. This is because tighter binaries make pericentre passages at a higher frequency. In addition, when they reach low-q phases they remain stuck there for a much longer time than wider binaries. As Fig. 2b shows, both of these effects cause tighter binaries to become lethal (that is, destabilizing) at a much larger pericentre, offsetting the Galaxy's diminished influence. Most binary-triggered instabilities are very delayed. For binaries with a Ã >2,000 AU, Fig. 2c shows that well over 90% of instabilities occur after at least 100 Myr of evolution, well after planet formation is complete. For tighter binaries, many more begin in orbits that destabilize the planets nearly instantly.
Although planets are believed to form on nearly circular orbits 11 , most known giant planets (m sin i . 1 M Jup , where m is the planet's mass, i its orbital inclination and M Jup is Jupiter's mass) have significant non-zero orbital eccentricities (eccentricities of less massive planets are known to be lower, or 'colder') 12 . This observed eccentricity distribution can be reproduced remarkably well when systems of circularly orbiting planets undergo internal dynamical instabilities causing planet-planet scattering events that eject some planets and excite the survivors' eccentricities [13] [14] [15] [16] . For planetary systems within wide binaries, Fig. 2a predicts that many should undergo additional dynamical instabilities triggered by their stellar companions. Thus, these systems should experience an even greater number of planetplanet scattering events than isolated planetary systems. This raises the possibility that the eccentricities of exoplanets may hold a signature of the dynamical process illustrated in Fig. 1 . Indeed, the overall distribution of exoplanet eccentricities provides compelling evidence of our disruptive mechanism. Figure 3a compares the observed eccentricity distribution of all Jovian-mass (m sin i . 1 M Jup ) exoplanets found in binaries 1 with the distribution of Jovian-mass planets around isolated stars. As can be seen, the distribution of planets within wide binaries is significantly hotter (or more biased to higher eccentricities) than planetary systems without known stellar companions. A Kolmogorov-Smirnov test returns a probability (P-value) of only 0.6% that such a poor match between the two data sets will occur if they sample the same underlying distribution. Thus, we reject the null hypothesis that the distributions are the same. Although it consists of just 20 planets, our wide-binary planetary sample contains the two most eccentric known exoplanet orbits, HD 80606b and HD 20782b (see Fig. 2 ). Furthermore, these excited eccentricities seem to be confined to only very wide binary systems. Figure 3a also shows the eccentricity distribution of planets residing in binaries with average separations below 10 3 AU. Unlike the case for wider binaries, here we see that these eccentricities match very closely with the isolated distribution. (A Kolmogorov-Smirnov test returns a P-value of 91%.) This suggests that the variable nature of distant binary orbits is crucial to exciting planetary orbits. Large eccentricities of planets within binaries have previously been explained with the Kozai resonance [17] [18] [19] [20] , yet this effect should be most evident in these tighter binary systems.
We perform additional simulations, attempting to explain the observed eccentricity excitation in Fig. 3a with the mechanism illustrated in Fig. 1 . These additional simulation sets are summarized in Table 1 (B1-B3). Unlike the internally stable planetary systems in simulation set A, these simulated systems consist of three approximately Jovian-mass planets started in unstable configurations (to induce planet-planet scattering) and evolved for 10 Gyr (see Supplementary Information). In the simulation sets presented in Fig. 3b , we naturally reproduce both observed eccentricity distributions using the same initial planetary systems. When our planetary systems are run in isolation (set B1 in Table 1 ) planet-planet scattering caused by internal instabilities yields the observed planetary eccentricities for isolated stars (Kolmogorov-Smirnov test P-value of 42%). Then when a 0.4M [ binary companion is added to each system (set B2 in Table 1 ) the eccentricity distribution is heated further, and again the match to Table 1 ) that lost at least one planet via instability (a), the median binary pericentre below which an instability is induced in planetary systems (b) and the fraction of instabilities that occur after the first 100 Myr of evolution (c). In each panel, binary mass (m * ) is plotted on the y axis, and the binary semimajor axis (a * ) is plotted on the x axis; black data points mark the masses and presumed semimajor axes of the HD 80606 and HD 20782 binaries, which host the two most eccentric known planetary orbits 26, 27 . Although HD 80606b has been reproduced with a Kozai-driven mechanism, this process is markedly slower in even wider binaries such as HD 20782b 28 . Moreover, the presence of more than one planet suppresses these Kozai oscillations [28] [29] [30] . However, our disruptive mechanism naturally collapses many systems to one planet, still enabling Kozai resonances to contribute to eccentricity excitation. Panel a suggests that binary-triggered instability rates become extremely high as binary semimajor axes drop below ,10 3 AU, which could mean that tighter binaries trigger planetary system instabilities even more efficiently than those plotted here. However, the initial conditions assumed for both our planetary orbits (Solar System-like) and binary orbits (isotropic) become questionable for binary semimajor axes below ,10 3 AU (see Supplementary Information) . Another interesting aspect not immediately obvious in c is that instability times decrease at the largest binary semimajor axes. This is because such binaries are rapidly unbound (or 'ionized') by stellar impulses, making it impossible for these binaries to trigger instabilities at very late epochs (see Supplementary Information) .
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observations is quite good, with a Kolmogorov-Smirnov test P-value of 46%.
In Fig. 3c , the match to observed planetary eccentricities is much poorer. Here we rerun our binary simulations with Galactic perturbations shut off to yield static binary orbits (set B3 in Table 1 ). In this case, the eccentricity distribution is barely more excited than the isolated cases, indicating that the variable nature of wide-binary orbits is crucial to heating planetary eccentricities. Otherwise, most stellar companions always remain far from the planets.
In Fig. 3d we reexamine simulation set B2 to determine which types of planetary systems are most influenced by wide binary companions. By examining the planetary systems after only 10 Myr, we can view them after most have experienced internal instabilities but before the binary has played a large role (because its effects are delayed). We find that 70% of our planetary systems have collapsed to two planets. (The remaining systems are composed of nearly equal numbers of oneplanet and three-planet systems.) We then split these two-planet systems into those with the outer planet beyond 10 AU and those with both planets confined inside 10 AU. In Fig. 3d , the final (t 5 10 Gyr) eccentricity distribution is shown for both subgroups of planetary systems. As can be seen, the more extended planetary systems eventually yield much more excited eccentricities compared to the compact systems. This is because binaries do not have to evolve to such low pericentres to disrupt extended systems. In fact, the observed wide-binary planetary eccentricity distribution cannot be matched without using wide binaries with planets beyond 10 AU (P 5 1.6% from a Kolmogorov-Smirnov test). Assuming planets form similarly in wide binaries and isolated systems, the planetary eccentricity excitation observed within wide binaries may offer new constraints on the bulk properties of isolated giant exoplanet systems, which dominate the giant exoplanet catalogue. Whereas most detection efforts are currently insensitive to planets with periods beyond ,10 yr, our work suggests that massive, longer-period planets (beyond ,10 AU) should be common around isolated stars. Indeed, such distant planets have recently been directly observed 21 and microlensing results suggest many such planets reside far from host stars 22 .
Owing to the variable nature of their orbits, very distant binary companions may affect planetary evolution at least as strongly as their tighter counterparts. This represents a paradigm shift in our understanding of planet-hosting binaries, because previous work tended to assume that only tighter binaries strongly influence planetary system evolution 2, 23 . Intriguingly, the eccentricities of planets in wide binaries may provide new constraints on the intrinsic architectures of all planetary systems. To develop this prospect further, searches for common proper motion companions to planet-hosting stars should be continued and expanded 2,23-25 . Table 1 ). In all distributions, planets with a , 0.1 AU are excluded to remove tidally circularized orbits. a, A comparison of observed exoplanet eccentricities within tighter (a * , 10 3 AU) binaries (solid black line) to those observed in very wide (a * . 10 3 AU) binaries and isolated systems. b, Eccentricities of simulated three-planet systems after 10 Gyr of evolution (sets B1 and B2 in Table 1 ). c, Simulations from b rerun with no Galactic perturbations (set B3 in Table 1 ). d, The final eccentricities of two different subgroups of wide binary simulations from b: systems that consisted of two planets extending beyond 10 AU at 10 Myr (black line), and two-planet systems confined inside 10 AU at 10 Myr (green). Notice in b that the presence of a wide binary does not seem to enhance the production of very extreme planetary eccentricities. However, one-quarter of our wide binary systems have planets driven into the central star (1.7 times the rate within isolated systems). Tidal dissipation not included in our models could strand these planets in very eccentric orbits before they collide with the central star 19, 20 . Interestingly, binaries also completely strip 20% of our systems of planets, yielding naked stars that once hosted planets (see Supplementary Information).
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